All plants produce suberin, a lipophilic barrier of the cell wall that controls water and solute fluxes and restricts pathogen infection. It is often described as a heteropolymer comprised of polyaliphatic and polyaromatic domains. Major monomers include v-hydroxy and a,v-dicarboxylic fatty acids, glycerol, and ferulate. No genes have yet been identified for the aromatic suberin pathway. Here we demonstrate that Arabidopsis (Arabidopsis thaliana) gene AT5G41040, a member of the BAHD family of acyltransferases, is essential for incorporation of ferulate into suberin. In Arabidopsis plants transformed with the AT5G41040 promoter:YFP fusion, reporter expression is localized to cell layers undergoing suberization. Knockout mutants of AT5G41040 show almost complete elimination of suberin-associated ester-linked ferulate. However, the classic lamellar structure of suberin in root periderm of at5g41040 is not disrupted. The reduction in ferulate in at5g41040-knockout seeds is associated with an approximate stoichiometric decrease in aliphatic monomers containing v-hydroxyl groups. Recombinant AT5G41040p catalyzed acyl transfer from feruloyl-coenzyme A to v-hydroxyfatty acids and fatty alcohols, demonstrating that the gene encodes a feruloyl transferase. CYP86B1, a cytochrome P450 monooxygenase gene whose transcript levels correlate with AT5G41040 expression, was also investigated. Knockouts and overexpression confirmed CYP86B1 as an oxidase required for the biosynthesis of very-long-chain saturated a,v-bifunctional aliphatic monomers in suberin. The seed suberin composition of cyp86b1 knockout was surprisingly dominated by unsubstituted fatty acids that are incapable of polymeric linkages. Together, these results challenge our current view of suberin structure by questioning both the function of ester-linked ferulate as an essential component and the existence of an extended aliphatic polyester.
Suberin is a lipophilic extracellular barrier deposited on the inner side of the primary cell wall. It functions to control fluxes of water and solutes, to contribute to the strength of the cell wall, and to provide a barrier to pathogen movement (Kolattukudy, 2001; Nawrath, 2002) . It is synthesized constitutively during development by a variety of internal and exposed plant tissues, and as a response to stresses and wounding (Kolattukudy, 2001; Schreiber et al., 2005) . The role of suberin in controlling salt stress and permeability has recently been demonstrated in mutants compromised in its biosynthesis (Beisson et al., 2007; Höfer et al., 2008; Serra et al., 2009) .
Suberin is often described as a heteropolymer comprised of polyaliphatic and polyaromatic (polyphenolic) domains, with embedded waxes. Monomers released by transesterification include aliphatics such as fatty acids, v-hydroxyfatty acids (OHFAs), a,vdicarboxylic acids (DCAs), and fatty alcohols, often with a significant proportion of very-long-chain saturates ($C20), plus glycerol and p-hydroxycinnamic acids (mainly ferulate; Matzke and Riederer, 1991; Bernards, 2002; Graça and Santos, 2006; Franke and Schreiber, 2007; Pollard et al., 2008) . The aromatic network is a hydroxycinnamate-derived polymer, primarily comprised of C-C and ether-linked ferulic acid, N-feruloyltyramine, cinnamic acid, p-coumaric acid, or caffeic acid (Bernards et al., 1995) . Glycerolcontaining aliphatic dimers and trimers have been isolated by partial depolymerization methods (Graça et al., 2002; Graça and Santos, 2006) . These studies have also identified the esterification of v-OHFAs to each other, to DCAs, and to ferulate. Hydroxycinnamate esters with fatty alcohols that are extractable with organic solvents have been identified in many natural product studies. However, partial depolymerization studies with suberin have shown that a large portion of the ferulate is esterified to the terminal hydroxy group of long-and very-long-chain v-OHFAs (Graça and Pereira, 2000; Graça and Santos, 2006) . Likewise, a 22-caffeyloxy-docosanoyl glycerol has been isolated from cotton (Gossypium hirsutum) fiber waxes (Schmutz et al., 1994) . In these cases an v-hydroxylase must provide the aliphatic substrate for the hydroxycinnamoyl transferase. Suberin monomer compositions have been described for Arabidopsis (Arabidopsis thaliana) tissues Molina et al., 2006 Molina et al., , 2008 , as have the alkyl hydroxycinnamate esters present in Arabidopsis root periderm (Li et al., 2007b) .
Suberin deposition requires synthesis and assembly of metabolites from both the phenylpropanoid and acyl lipid pathways. The first genes affecting Arabidopsis aliphatic suberin and suberin-associated wax composition have been identified. These include the glycerol-3-P acyltransferase GPAT5 (Beisson et al., 2007; Li et al., 2007b) and an orthologous pair of cytochrome P450 v-hydroxylases, CYP86A1 and CYP86A33 (Li et al., 2007a; Hö fer et al., 2008; Serra et al., 2009 ). However, knockout mutants of these cytochrome P450 genes do not reduce the levels of v-oxidized very-long-chain suberin monomers, so additional cytochrome P450 genes are required for this function. Here, we provide overlapping and additional information to the recent report that the P450 CYP86B1 (AT5G23190) is required for the synthesis of saturated very-long-chain a,v-bifunctional monomers (Compagnon et al., 2009 ). In addition, although feruloyl transferase activity toward v-OHFAs has been demonstrated in plant extracts (Lotfy et al., 1994 (Lotfy et al., , 1996 , no genes encoding proteins with this function have been identified thus far. We describe an Arabidopsis gene (AT5G41040) that encodes such a feruloyl transferase, which we have named ALIPHATIC SUBERIN FERULOYL TRANSFERASE (ASFT). It is a member of the BAHD family of acyltransferases (St Pierre and De Luca, 2000; D'Auria, 2006) , so named according to a letter from each of the first four biochemically characterized enzymes of the family, benzyl alcohol acetyltransferase, anthocynain-Ohydroxycinnamoyltransferase, anthranilate-N-hydroxycinnamoyl/benzoyltransferase, and deacetylvindoline 4-O-acetyltransferase.
As suberin is an insoluble heteropolymer localized within the plant cell wall, solving its structure has been a challenging problem. When observed by transmission electron microscopy (TEM), suberin frequently exhibits a lamellar structure of alternating light and dark bands. Also, at least for wound-induced potato (Solanum tuberosum) periderm, the bulk of the phenolics appear to be deposited before the aliphatics (Lulai and Corsini, 1998; Yang and Bernards, 2007) . Most of these phenolics are oxidatively cross linked (Bernards et al., 1995) and will not yield monomers by polyester depolymerization methods. Models for suberin structure of potato periderm (Bernards, 2002) or cork (Quercus suber; Graça and Santos, 2007) , based as they are on earlier iterations (Kolattukudy, 1981) , show some divergence, but agree that the electrontranslucent bands are aliphatic rich and that there is an aliphatic polyester. The thickness of this layer coincides with the length of the carbon chain of the aliphatic monomers (Schmutz et al., 1996) . Components of the opaque bands, which appear to vary considerably in thickness, may include glycerol, phenolics, and possibly aliphatics. In models of both potato and cork suberin oxidative cross linking of ferulic acid provides a covalent link between suberin polyaromatic and polyaliphatic domains. The compositions of mutants can provide new perspectives on structural models. Our results with both BAHD and P450 genes suggest that, at least for seed suberin, two facets of proposed suberin structures, namely esterified ferulate as a linker between the aliphatic and aromatic domains, and the idea of an extended aliphatic polyester domain, will need to be carefully reexamined.
RESULTS

BAHD and CYP86B1 Genes Correlated with the Expression of Suberin-Associated Genes
The recent identification of two Arabidopsis genes, GPAT5 and CYP86A1, with confirmed roles in suberin biosynthesis provided an opportunity to apply transcript coresponse analysis to identify additional suberin-associated genes under common or related transcriptional control. These genes encode the acyltransferase GPAT5 (Beisson et al., 2007) and the cytochrome P450 monooxygenase CYP86A1, a fatty acyl v-hydroxylase (Li et al., 2007a; Hö fer et al., 2008) . Using these two genes as the bait set, correlation analysis of gene expression across all microarray data sets (Wei et al., 2006 ) identified a number of other genes with a strong correlation (Supplemental Table  S1 ), including two members of the BAHD gene family, AT5G41040 (ASFT) and AT5G63560. Furthermore, the homolog of ASFT is among the list of genes that are both highly specific and highly expressed in cork phellem (Soler et al., 2007) . The BAHD gene family is a large family of acyltransferases with 61 members in Arabidopsis (St Pierre and De Luca, 2000; D'Auria, 2006) . To date all studied members of this family utilize relatively hydrophilic acyl-CoAs, including hydroxycinnamoyl-CoAs, as acyl donors in natural product synthesis. The purification of a tobacco (Nicotiana tabacum) feruloyl transferase activity utilizing 16-hydroxypalmitate as acyl acceptor clearly showed the activity to be soluble (Lotfy et al., 1996) , consistent with expectations for enzymes of the BAHD family. An analysis of the Arabidopsis BAHD family shows 11 clades (Supplemental Fig. S1 ). Three genes cluster together in clade H, namely ASFT, AT5G63560, and AT3G48720. This clustering is also noted in a recent phylogenetic analysis of BAHD proteins (Yu et al., 2009) . While expression of both ASFT and AT5G63560 correlate highly with the suberin bait set, expression of AT3G48720 shows correlations with some genes of cutin biosynthesis. In summary, the expression data, combined with phylogenetic analysis and known general biochemical function made AT5G41040 (ASFT) and AT5G63560 strong candidates for a putative feruloyl transferase. In fact, AT5G41040 is clearly a feruloyl transferase that controls almost all the esterlinked ferulate deposition, and is described here. The function of AT5G63560 is still under investigation in our lab. Because ferulate is likely to be esterified to very-long-chain v-hydroxy fatty acids we also investigated an uncharacterized P450 gene, CYP86B1 (AT5G23190), that was shown to be correlated with the suberin bait set (Supplemental Table S1 ; see below).
ASFT Is Expressed in Tissues of Seeds and Roots Where Suberization Occurs
Suberin is found in periderm of stems and of underground organs. In primary roots, it is present in endodermal, rhizodermal, and hypodermal cells (Ma and Peterson, 2003) . It also may be deposited in seed coat layers during seed development (Espelie et al., 1980; Molina et al., 2008) . To investigate the tissue specificity and temporal pattern of expression of ASFT in detail, transcriptional fusions were made by adding the 2-kb putative promoter sequence of ASFT upstream of the eYFP gene, which encodes the yellow fluorescent reporter protein, and this fusion was used to produce stable transgenic Arabidopsis plants. Analysis by confocal laser-scanning microscopy (CLSM; Fig. 1 ) revealed gene expression in seed coats (Fig. 1 , A-C) and roots (Fig. 1, D and E), but not in other plant parts. These results agree with and extend to the cellular level microarray data for ASFT from the AtGenExpress project (Schmid et al., 2005) . In seed coats, eYFP was detected in the inner layer of the outer integument (oi1) beneath the oi2 (columellae) layer, at the beginning of the desiccation stage (Fig. 1, A-C) . This observation is reminiscent of GPAT5 promoter activity shown both with YFP (Molina et al., 2008) and GUS (Beisson et al., 2007) reporters, and to CYP86A1 expression (data not shown). As desiccation proceeds, strong ASFT expression was also observed at the chalazal region (Fig. 1A) , as described for GPAT5 expression. In primary roots of seedlings grown in agar for 1 or 2 weeks, YFP fluorescence was observed in the endodermis (Fig. 1, D and E) ; in 4-to 6-week-old seedlings, YFP expression was detected in the periderm of the zone of the roots that underwent secondary thickening (Fig. 1F) , and in the endodermis of root parts in primary developmental stage. CYP86A1 has been shown to have a similar pattern of root expression (Hö fer et al., 2008) . Taken together, our observations indicate that ASFT is expressed in tissues and cell layers where suberin is being deposited.
ASFT Is Required for the Deposition of Ferulate Monomer in Suberin
Two mutant alleles of ASFT were selected by PCR screening of genomic DNA from segregating popula- tions of T-DNA insertion lines. These are designated asft-1 (SALK_048898) and asft-2 (SALK_017725; Supplemental Fig. S2A ). Since this gene is expressed in roots and seeds, but its expression is negligible in other organs, mRNA from asft-1, asft-2, and wild-type roots was isolated and subjected to reverse transcription (RT)-PCR. No transcripts of this gene were present in the mutant roots, confirming these lines carry null mutations (Supplemental Fig. S2B ).
Wild-type and mutant plants grown side by side showed similar phenotypes. Monomers released by transesterification of delipidated seed residues (Fig. 2) revealed an almost complete loss of ferulate in seeds of both knockout alleles. An additional important observation when comparing asft mutants against wild type was that the reduction in ferulate of 1.55 mmol g 21 seeds for each allele was accompanied by a similar reduction in hydroxy-containing monomers, namely 1.35 mmol g 21 seeds in asft-1 and 2.25 mmol g 21 seeds in asft-2. This observation suggests an approximate stoichiometric correlation between the losses of these two components. A substantial part of the reduction in aliphatics comes from C22 and C24 v-OHFAs. In addition, a compensatory 50% increase in DCAs was observed for asft-1. Thus the total aliphatic monomer content in the asft-1 allele was the same as wild type (8.89 mmol g 21 seeds), and reduced only by 10% in asft-2 (Fig. 2B) . Analysis of lipid polyesters in roots of 7-week-old plants (Supplemental Fig. S3 ) indicated that the ferulate amount is also greatly reduced in root suberin monomers released by transesterification. However, ferulate represents only 3% (w/w) of total root lipid polyester monomers. Aliphatic monomers containing a primary hydroxyl group did not appear to give a commensurate reduction, as in seeds, but minor changes in monomer levels may be masked by the higher variation usually observed in root polyester analysis.
The Deposition of Alkyl Hydroxycinnamate Esters of Suberin-Associated Waxes Is Not Altered in asft Roots
Endogenous waxes that are extracted by rapid chloroform dipping of roots contain alkyl trans-hydroxycinnamate esters, predominantly of coumarate and caffeate, with ferulate in lesser proportion (Li et al., 2007b) . The alkyl groups are C18 to C22 saturated 1-alkanols. The relative amount of individual root wax compounds in the asft mutants was indistinguishable from wild type (Fig. 3 ). This result indicated that the synthesis of alkyl ferulates, and more generally of alkyl hydroxycinnamate esters, is not affected in root suberin waxes of the knockouts. By comparison, the suberin-associated acyltransferase GPAT5 has been shown to participate in the deposition of both suberin waxes and polyester, indicating a biosynthetic overlap between extractable and insoluble components of suberin (Li et al., 2007b) . Expression of AT5G41040 under the control of its native or 35S promoters also produced no change in the composition of the root waxes (data not shown). Thus we expect that another BAHD enzyme, and possibly AT5G63560, might have a different specificity and be largely responsible for suberin wax formation in the root periderm. This hypothesis remains to be tested.
Loss of Ferulate Monomer Does Not Affect Suberin Lamellar Structure of Root Periderm Cells
Models describing the lamellar structure of suberin require esterified ferulate to covalently link aliphatic polyesters to the cross-linked aromatic domain(s) (Bernards, 2002; Graça and Santos, 2007) . Because the chemical phenotype of asft is loss of ferulate, we investigated whether this loss would cause a change in the characteristic lamellar structure of suberin observed by TEM. Roots were chosen over seeds for ultrastructural analysis because Arabidopsis seeds are very small and in our hands their highly compacted seed coats made sample preparation problematic for TEM analysis and subsequent image interpretation. Arabidopsis root suberin presents the characteristic lamellar distribution described in other species. Root ultrastructure was analyzed in asft-1 and asft-2 knockout mutants and, as a control, in cyp86a1 knockout mutants. As noted earlier, CYP86A1 is a suberin-associated P450 gene (Li et al., 2007a; Höfer et al., 2008) . Its knockout shows a strong reduction in aliphatic suberin monomer amount, but a relatively small reduction in ferulate. However, TEM identifies a strong perturbation in suberin structure for cyp86a1 (Supplemental Fig. S4 ), also observed in the periderm of potato RNA interference lines where the homologous gene has been silenced (Serra et al., 2009) . Figure 4 shows the results obtained for thin sections from 6-week-old asft-1 roots. Surprisingly, no changes were observed in the fine structure of suberin deposited in periderm cells of this mutant (Fig. 4B ), compared to wild type (Fig. 4A ). This observation implies that the ferulate released by transmethylation does not contribute to the TEM-observable ultrastructure of wild-type root periderm suberin.
Recombinant ASFTp Functions as a Feruloyl Transferase
To determine the enzyme reaction catalyzed by ASFT, cell-free extracts of the recombinant protein expressed in Escherichia coli were used in enzyme assays to test for feruloyl transferase activity. FeruloylCoA was generated in situ by adding a recombinant tobacco 4-coumarate:coenzyme A ligase (Beuerle and Pichersky, 2002) plus ferulate, ATP, and CoASH to the reaction mixture. Primary alcohols of various chain lengths (C12-C18) and 15-hydroxypentadecanoic acid methyl ester were tested as acyl acceptors. Chloroform-soluble products were analyzed by gas chromatography-mass spectrometry (GC-MS). Figure  5 illustrates that the ASFTp catalyzes the formation of hexadecyl ferulate ester. The product peak at 38.5 min was only present when all the assay components were added (Fig. 5) . In particular, the lack of any activity when either CoASH, ATP, or the 4-coumarate:coenzyme A ligase was omitted from the assay implies that the acyl donor for the reaction is indeed feruloyl-CoA. The corresponding electron impact (EI) spectrum showed the expected molecular ion of the silylated derivative (mass-to-charge ratio [m/z] = 490), plus diagnostic ions derived from the feruloyloxy group at m/z = 266, 265, and 249 (Fig. 5, inset) . The ferulate ester was also formed using 15-hydroxypentadecanoic acid methyl ester (Supplemental Fig. S5 ) as acyl acceptor. Higher conversions were noted for dodecan-1-ol, tetradecan-1-ol, and methyl 15-hydroxypentadecanoate, when compared to hexadecan-1-ol, whereas octadecan-1-ol showed only a trace of product. In all cases the substrate of the coupled assay was predominantly trans-ferulate and the product retained this stereochemistry. Thus we show that ASFT exhibits feruloylCoA-dependent feruloyl transferase activity toward substrates with a primary fatty alcohol functional group.
CYP86B1 Is Required for the Synthesis of Very-Long-Chain v-Oxidized Suberin Monomers
Among cytochrome P450 monooxygenase CYP86 family members only expression of CYP86A1 and CYP86B1 is strongly correlated to the suberin bait set of genes (Supplemental Table S1 ). CYP86A1 does not appear to be responsible for the high levels of verylong-chain a,v-bifunctional suberin monomers in seeds (Li et al., 2007a; Höfer et al., 2008 ). Thus we investigated whether CYP86B1 (AT5G23190) would provide this function. As 24-hydroxytetracosanoate is the major v-OHFA of suberin in the outer integument of the seed coat (Molina et al., 2008 ) it might be a major site for ferulate esterification. A homozygous mutant allele was screened from the T-DNA insertion line SALK_130265 (cyp86b1; Supplemental Fig. S2C ). The absence of CYP86B1 transcripts in mRNA isolated from cyp86b1 roots confirmed the selected line carried a null mutation of the gene (Supplemental Fig. S2D ). No vegetative growth phenotype could be observed between the knockout mutant and wild type. Analysis of seeds for polyester monomers showed a very large reduction in a,v-bifunctional C22 to C24 saturated suberin components (Fig. 6) , with a corresponding increase in unsubstituted fatty acids. Reduction in very-long-chain monomers was also observed in polyester monomer analysis of mutant roots (Supplemental Fig. S6 ). To prove the changes in polyester monomers of the mutant are due to mutation of the gene CYP86B1, we also complemented the mutant plants with 35S::CYP86B1 (Supplemental Fig. S6 ). Furthermore, proof of the function of this P450 was provided by an ectopic in planta expression experiment wherein CYP86B1 was coexpressed with GPAT5 under control of the 35S promoter. When cutin was analyzed, only the pairing of GPAT5 and CYP86B1 produced cutin monomer profiles containing very- Figure 4 . Transmission electron micrographs of Arabidopsis roots in the later stages of secondary thickening. The fine structure of suberin in the asft-1 knockout mutant (B) is similar to the wild type (A). Samples were treated with hydrogen peroxide before the staining procedure (Heumann, 1990) . Scale bar = 100 nm (A), 50 nm (B). CW, Cell wall; PC, peridermal cell; S, suberin. long-chain a,v-bifunctional monomers (Fig. 7) , confirming in vivo function.
DISCUSSION
ASFT Is a Feruloyl Transferase Involved in Suberin Biosynthesis
The BAHD gene ASFT was identified as playing a role in suberin biosynthesis based on chemical analysis of mutants, on very specific cell-type expression patterns, and from in vitro activity of the recombinant enzyme. The promoter:eYFP expression experiments in Arabidopsis showed that the expression of this gene is localized to outer integument layer 1 of the seed coat and to the endodermis of young roots (Fig. 1) , clearly defining it as a gene active only in suberin-synthesizing cells. Because mutation of ASFT reduces ferulate monomer associated with suberin by over 90% (Fig. 2) there is minimal functional redundancy with AT5G63560. Figure 6 . Comparison of lipid polyester monomer composition for wild-type and cyp86b1 (at5g23190) seeds. A, Individual monomers. Means of triplicate determinations and SD are indicated. Asterisks denote a significant difference from wild type (WT; t test, two-sided, P , 0.05). B, Total monomer amounts, with monomers grouped into five classes. The cutin designation comprises 1,18-octadecadiene dioate and 9,10-,18-trihydroxyoctadecenoate, which are found in the cutin layers of the seed coat inner integument and the embryo, respectively. The other four classes comprise monomers from the suberized outer integument of the seed coat. Thus, ASFT controls the major portion of ester-linked ferulate in suberin.
Several lines of evidence point to the in vivo function of ASFT as an O-acyltransferase required for the synthesis of aliphatic-aromatic ester linkages in suberin. We consider it unlikely that ASFT is directly involved in ferulate biosynthesis. Apart from its demonstrated activity as a feruloyl transferase to an aliphatic acyl acceptor, analysis of the genetic relationships in the BAHD gene family shows it is not closely related to the hydroxycinnamoyl transferase(s) that are implicated in monolignol biosynthesis (Supplemental Fig. S1 ; Hoffmann et al., 2003 Hoffmann et al., , 2004 . Cell wall ferulate appears to share a common biosynthetic pathway with monolignols . Also, if ASFT was to function in ferulate biosynthesis we might expect a large reduction in 3#-hydroxylated phenylpropanoids. However, reductions in caffeate and ferulate and increases in coumarate are not seen in the root periderm waxes of asft mutants (Fig. 3) . Tyramine is sometimes listed as an aromatic component of suberin, being found as amide with phenylpropanoid acids (Kolattukudy, 2001; Bernards, 2002) . However, genes for hydroxycinnamoyl-CoA:tyramine N-hydroxycinnamoyl transferases have been cloned and the proteins are members of the diamine acetyltransferase family (Farmer et al., 1999; Schmidt et al., 1999) , so there is no need to postulate ASFT as an N-acyltransferase. Our Arabidopsis seed polyester monomer analyses were set up to recover tyramine, but none was observed (Molina et al., 2006) . Furthermore, based on the kinetics of product release during NaOMe-catalyzed transmethylation we inferred that most of the ferulate monomer released from Arabidopsis seed coats is from ester and not amide linkages (Molina et al., 2006) .
Feruloyl transferase activity utilizing feruloyl-CoA as the acyl donor and v-OHFA as acyl acceptor has been shown in extracts from potato tubers (Lotfy et al., 1994) and tobacco cell suspensions (Lotfy et al., 1996) . During purification the tobacco activity behaved as a soluble enzyme, with an apparent molecular mass of 55 kD by size exclusion chromatography and a pI of 4.6. However, the proteins or their corresponding genes responsible for the hydroxycinnamoyl-transferase reaction have remained unidentified. Our enzymology esults prove that ASFT can function as an O-acyltransferase that produces v-feruloyloxy aliphatics. The fact that there is an approximately mole-for-mole reduction in ferulate and aliphatic molecules containing a primary alcohol functional group in the knockout mutants lends credence to the proposal that this activity observed in vitro is also operating in vivo. The fact that the deduced Arabidopsis ASFTp has an estimated molecular mass of 51 kD and pI of 5.5 is very consistent with the data obtained for the tobacco enzyme.
So far we have been unable to scale down the partial depolymerization methods that work on large suberin samples (such as cork) to Arabidopsis seeds. Such methods have allowed a tentative accounting of oligomers. Feruloyl groups appear to be esterified to v-hydroxy groups of aliphatic monomers with an order of magnitude greater frequency than to the hydroxyl groups of glycerol Pereira, 1999, 2000) . Even as we postulate that the in vivo function of ASFT is the synthesis of v-feruloyloxy aliphatics, and show that it can synthesize alkyl ferulate in vitro (Fig. 5) and that it is expressed in root periderm cells (Fig. 1) , the knockout mutant of ASFT has no effect on the deposition of the alkyl coumarates, caffeates, and ferulates of the suberin-associated waxes of the root periderm (Li et al., 2007b ). Thus we hypothesize that another BAHD enzyme, and possibly AT5G63560, might have a different specificity and might be largely responsible for suberin wax formation in the root periderm.
In examining the monomer profile of asft (Fig. 2) , it should be noted that in wild-type seeds ferulate deposition probably does not fully overlap with aliphatic monomer deposition. This is the case in Brassica napus (Molina et al., 2008) , where the onset of ferulate and aliphatic deposition are identical but where fatty alcohol and v-OHFA accumulation continues well after ferulate and DCA deposition has stopped. In allele asft-1 (Fig. 2 ) the increase in very-long-chain DCA monomer levels as v-OHFAs are reduced implies an indirect compensatory effect, suggesting that feruloyl transfer and further v-oxidation to DCA compete for the same pool of v-OHFA. An interesting parallel exists with an experiment using inhibitors of phenylpropanoid biosynthesis in green cotton fibers (Schmutz et al., 1996) , where a reduction of hydroxycinnamic acids in suberin was accompanied by a decrease in v-OHFAs and an increase in DCAs. Furthermore, the approximately equimolar loss of ferulate and an aliphatic group in the asft knockout mutants implies that a feruloyloxy aliphatic is a biosynthetic unit required for suberin assembly and that feruloylation accelerates flux through that branch of the aliphatic pathway.
CYP86B1 (AT5G23190) Is Required for Very-Long-Chain a,v-Bifunctional Monomer Synthesis in Seed Suberin
Our results and those of a very recent study (Compagnon et al., 2009 ) identify CYP86B1 (AT5G23190) as a gene required for suberin verylong-chain a,v-bifunctional monomer synthesis. The ectopic coexpression experiment with GPAT5 and CYP86A1 shows that CYP86A1 produces C16 to C22 monomers in cutin (Li et al., 2007a) , while the same experiment with GPAT5 and CYP86B1 shows that CYP86B1 produces C18 to C24 monomers (Fig. 7) . However, in seeds it is CYP86B1 that is required for the biosynthesis of most of the C22:0 and C24:0 v-OHFAs and DCAs (Fig. 6) . The knockout of this gene results in the accumulation of the corresponding C22:0 and C24:0 fatty acids, which may or may not be the immediate acyl precursor for the v-hydroxylase. As we have previously noted, defining the exact biochemical pathway on the basis of changes in monomer distribution of mutants is extraordinarily difficult . CYP86B1 surely functions as an v-hydroxylase and requires GPAT5 for function, but whether it also functions as an v-oxidase to produce DCAs, and whether the hydroxylation precedes or succeeds either GPAT5-catalyzed acyl transfer or the fatty acid elongase(s) remains to be determined.
The reduction in ferulate when C22:0 and C24:0 v-OHFAs are reduced by cyp86b1, and the reduction in C22:0 and C24:0 v-OHFAs when ferulate is reduced by asft, suggest that a significant portion of ferulate in wild type is esterified to C22:0 and C24:0 v-OHFAs. In our studies of Arabidopsis and B. napus seed polyesters we were able to localize the monomers to three distinct locations in the seed (Molina et al., 2008) . These studies were based on seed dissections, a mutant impaired in the formation of the outer integument of the seed coat, and promoter:GFP-based localization of gene expression. 9,10,18-Trihydroxyoctadecenoate and C18:2 DCA, which are cutin monomers, were dominantly associated with the inner layer of the seed coat inner integument and the embryo, respectively. The remaining monomers were those typical of suberin and were localized to the inner layer of the outer integument. Using this information we can subtract the contributions of the two major cutin monomers from the total seed monomer profile to give an approximate composition of suberin monomers of the seed coat outer integument. Thus we classify the monomers detailed in Figure 6A as shown in Figure  6B . There is little precedence in the natural products literature for hydroxycinnamic acids to be esterified through their phenolic hydroxyl groups. This is hardly surprising, since their main biological function is predicated through free radical formation from the free phenolic hydroxyl group, to allow oxidative coupling reactions. Thus we count ferulate as monofunctional in this suberin monomer classification. Ferulate, which accounts for about 13.7 mol % of monomers in total polyesters of wild-type seed, becomes 16.5 mol % of just the suberin monomers. If we classify monofunctional monomers as normal fatty acids and fatty alcohols, and ferulate, and subtract out the cutin component, then the monofunctional monomers in seed suberin account of 35.6 mol % in wild type, but rise to 63.2 mol % in cyp86b1, mainly through the accumulation of tetracosanoic acid.
Implications for Models of Suberin Structure
A model describing the lamellar suberin structure for potato periderm has a ferulate-monolignol polyphenolic domain embedded in the primary cell wall and covalently linked to a glycerol-based polyaliphatic domain (Bernards, 2002) . The aliphatic polyesters extend across multiple electron-translucent bands. The opaque bands may correspond to glycerol, esterified phenolics, and waxes. A model for cork suberin (Graça and Santos, 2007 ) presents a single aliphatic-chainwide translucent domain where the polyacylglycerol mainly folds back on itself, and a wider, variablewidth electron-rich domain that contains the crosslinked hydroxycinnamic acids. In both models ferulic acid has been suggested to provide crucial covalent links between polyaromatics and the suberin aliphatic polyester. These links are esterification through the ferulate carboxylate group and one electron oxidation of the phenolic group to allow radical coupling of the ferulate to produce nonester bonded dimers and oligomers. In both models there is an implication of overlapping aliphatic and aromatic precursor biosynthesis. In view of our observation that, at least in root tissue, the suberin lamellae appear largely unaffected by the at5g41040 mutant, the importance of esterlinked ferulate in the formation of the lamellae must be reconsidered. Whether the reduction in ferulate released by transesterification does or does not affect the lamellar structure of suberin in tissues other than roots remains to be determined. Histochemical analyses (Lulai and Corsini, 1998) and principal component analysis of precursors (Yang and Bernards, 2007) during potato wound suberization support the view that deposition of the aromatic domain is the first event in suberization. Indeed, Lulai and Freeman (2001) have proposed that there is no covalent connectivity between the polyaromatic and polyaliphatic domains. Our observation that ferulate deposition ceases as aliphatics are still being laid down in Brassica seeds (Molina et al., 2008 ) is consistent with polyaromatic deposition preceding polyaliphatic deposition.
An important observation is that the suberin aliphatic monomer amount has not been greatly reduced in asft mutants. A corollary is that the loss of ferulate does not impact the insolubility of the suberin polyester. The fact that suberin aliphatic deposition in late-stage Brassica seeds does not overlap ferulate deposition is consistent with this deduction (Molina et al., 2008) . This raises questions concerning the role of ferulic acid in attaching aliphatics to the cell wall. Even if most of the ferulate is incorporated into suberin as v-feruloyloxy aliphatics, a very small amount of cross linking might cause suberin insolubility. Ferulate derivatives that have been oxidatively cross linked (Bernards et al., 1995) will either not be released from the polymer matrix by transmethylation, or if they are released, they will not be detected by our GC-MS analysis. Thus it remains possible that ASFT or another enzyme may attach ferulate to other sites in suberin currently unknown but possibly glycerol, and where oxidation to form cross links is prevalent. Further studies are required to assess the breadth of acyl acceptor specificity of ASFT, both for potential v-OHFA substrates such as free acids, acylglycerols, and acyl-CoAs, and to test whether acceptors other than aliphatics with a primary OH group might also be substrates. However, it is clear that ASFT and AT5G63560 have nonredundant functions, at least in regards to the presence of ferulate released by transmethylation. Thus it is possible AT5G63560 might function to provide ferulate for cross linking, or to provide sufficient redundancy with ASFT in asft knockout lines, to keep the suberin insoluble.
Even as our results for ASFT require that we reconsider the role of ferulate in suberin structure and its properties, our results with CYP86B1 are inconsistent with the concept of an extended polyaliphatic domain, at least for Arabidopsis seed suberin. In a condensation polymer monofunctional monomers terminate a polymer chain. An v-OHFA cannot cause cross linking, but a combination of glycerol and a,v-DCAs may result in cross linking . If we allow a condensation polymer to form between just the observed monomers and glycerol, wild-type suberin clearly has the potential to form an extended polyaliphatic domain. However, in cyp86b1, where the suberin is still an insoluble product, the large mole fraction of monofunctional monomers ($60%) should preclude polymer formation, let alone cross-linked polymer formation. Thus either an additional contribution from a hidden aliphatic component (suberan) or an additional matrix is required to describe suberin. Furthermore, if we suggest that wild-type suberin really does not exist as an extended polyaliphatic, the idea that a very-low density of cross-linked ferulates could anchor the material, causing its insolubility, also seems less likely. Clearly, suberin structure needs a reinvestigation.
MATERIALS AND METHODS
Plant Materials and Growth Conditions
Arabidopsis (Arabidopsis thaliana) wild-type (Columbia-0) and mutant seeds were germinated and grown as described by Li et al. (2007a) . Transgenic seeds were stratified and germinated on Murashige and Skoog (MS) medium supplemented with either with 50 mg mL 21 kanamycin or 30 mg mL 21 hygromycin or a combination of both in the case of double overexpressors. Selected plants were transferred to soil and grown as indicated above.
Mutant Isolation
Seed stocks of three T-DNA insertion lines (Alonso-Blanco et al., 2003) for ASFT (AT5G41040; SALK_048898 and SALK_017725) and for CYP86B1 (AT5G23190; SALK_130265) were obtained from the Arabidopsis Biological Resource Center seed collection (http://www.biosci.ohiostate.edu). Primers to amplify the wild-type gene were ASFT-F1 and ASFT-R1, and CYP86B1-scF and CYP86B1-scR, respectively (Supplemental Table S2 ). To check for the insertion, the primer set used was ASFT-R2, specific for the 3#-untranslated region gene sequence, or CYP86B1-scR and the T-DNA left-border-specific primer LBa1. For the RT-PCR, RNA was isolated from 100 mg of 3-week-old Arabidopsis roots using the RNeasy plant mini kit (Qiagen), following manufacturer's instructions. SuperScript III reverse transcriptase (Invitrogen) was used to synthesize the first-strand cDNA, following manufacturer's protocol. Two-microliter aliquots of the RT reactions were used as template for PCR. Primers for ASFT amplification were ASFT-F3 and ASFT-R3, for CYP86B1, CYP86B1-F and CYP86B1-R (Supplemental Table S2 ). The housekeeping eukaryotic eIF4A gene was used as a control.
eYFP Reporter Construct Design and Plant Transformation
The reporter gene eYFP was amplified by PCR and cloned into BamHI-SacIdigested pBI101. The primers used for the amplification were YFP-F (forward) and YFP-R (reverse; Supplemental Table S2 ). The 2.0-kb 5# sequence of the ASFT DNA was amplified by PCR using genomic DNA as template (PRO Asft ) and subcloned in pGEM-T easy vector (Promega Corporation) for sequencing. Cloning primers were ASFT-F (forward) and ASFT-R (reverse; Supplemental Table S2 ). All amplifications used a proofreading DNA polymerase (Platinum Pfx). To generate the PRO Asft ::eYFP construct, the promoter sequences were released from pGEM-T easy vectors and ligated into SalI-BamHI-digested pBI101-eYFP, upstream of the eYFP sequence. The binary plasmid was introduced into Agrobacterium tumefaciens strain C58C1 by electroporation. Arabidopsis Columbia-0 wild-type transformation was performed by the vacuum-infiltration method (Bechtold et al., 1993) . T2 seeds from several individual kanamycin-resistant plants were analyzed by CLSM to evaluate YFP expression.
Confocal Microscopy Analysis of eYFP Reporter Expression
Imaging of whole-developing transgenic seeds and roots mounted in water was performed with Zeiss Pascal confocal laser-scanning microscope (Carl Zeiss International), using a 203 Plan-Neofluar Carl Zeiss objective. Samples were excited with 488-nm argon ion laser line and emission was detected after passing through a BP 505 to 530 (digitally colored green), and long-pass 650-nm filter (digitally colored red). Individual optical sections were used to create extended focus images using LSM 5 Pascal (version 3.0) software. Images were overlaid to derive a two-color image. All samples were treated with 0.5 mg mL 21 aqueous propidium iodide (Sigma) for 10 min to visualize cell walls. Images were transformed to TIFF format files and processed with Adobe Photoshop CS2.
TEM
Root samples (1 mm 2 size) were fixed with 0.1 M cacodylate buffer containing 2.5% glutaraldehyde and 2% paraformaldehyde, post fixed with 1% buffered osmium tetroxide, and dehydrated through a graded acetone series. Samples were then infiltrated with Poly/Bed 812 resin. After placing in silicone moulds, embedded samples were polymerized for 24 h at 60°C. Silvergold ultrathin sections were prepared with a diamond knife on a Power Tome_XL microtome (Boeckeler Instruments) and placed on copper-mesh grids. Samples on grids were treated with 10% hydrogen peroxide for 10 min, and stained with 10% uranyl acetate in methanol for 8 min, and Reynold's lead citrate for 10 min. This modified staining procedure enables to enhance the contrast of both cutin and suberin (Heumann, 1990) . Specimens were examined with a JEOL 100CX transmission electron microscope, and images processed with Adobe Photoshop CS2.
Lipid Analysis
Sodium methoxide catalyzed depolymerization and GC-MS or GC-flame ionization dectector analyses were performed on whole-delipidated seed, stem, or root tissues following the protocol detailed in Molina et al. (2006) . The major ferulate isomer is always the trans-isomer ($92 mol %). The contribution of the minor cis-ferulate isomer is not included in composition tabulations. Root wax extraction and analyses were performed according to Li et al. (2007b) . The alkyl hydroxycinnamate esters are predominantly the transisomers. These stereochemical assignments are based on the observation that the alkyl esters of cis-ferulate always elute ahead of the trans-isomers on nonpolar GC columns.
Recombinant Protein Expression
The ASFT cDNA designed de novo to optimize the codon usage for Escherichia coli was synthesized by GenScript. The synthetic ASFT cDNA was cloned into pGS-21a expression vector (GenScript) using NcoI and XhoI restriction sites. A His tag/glutathione S-transferase epitope was fused in frame at the N terminus. E. coli BL21 (DE3) LysS (Novagen) cells were transformed by heat shock with 0.2 mg of plasmid and grown in Luria-Bertani plates containing 100 mg mL 21 carbenicillin and 34 mg mL 21 chloramphenicol.
A single bacterial colony was used to inoculate a liquid culture, which was in turn used to inoculate a subculture of Luria-Bertani medium containing 100 mg mL 21 carbenicillin, which was grown at 20°C with shaking. When OD = 0.6, isopropyl b-D-thiogalactopyranoside (0.8 mM) was added for induction of protein expression, and culture was grown for 24 h. Procedures for protein extraction and subsequent purification are described elsewhere (Beuerle and Pichersky, 2002) . The soluble recombinant protein was purified by Ni +2 chelating chromatography, and the presence of the fusion protein was confirmed by SDS-PAGE and western blot.
Feruloyl Transferase Assay
Feruloyl-CoA substrate was generated by incubating a reaction mixture (1 mL) containing 50 mM Tris-HCl pH 7.5, 2.5 mM MgCl 2 , 2.5 mM ATP, 0.2 mM ferulic acid, 0.2 mM CoA, and 10 mL of purified recombinant 4-coumarate ligase (Beuerle and Pichersky, 2002) for 1 h at 30°C. To initiate ester synthesis, 10 mL of recombinant ASFT-tagged protein, 1 mM dithiothreitol, and 1 mM fatty alcohol or methyl 15-hydroxypentadecanoate were added. After incubation overnight at 30°C the reaction was stopped by addition of 2 mL chloroform:methanol (2:1, v/v). The organic phase was removed and dried under N 2 stream. Samples were silylated by heating at 110°C for 10 min with N,O-bis(trimethylsilyl)trifluoroacetamide:pyridine (1:1, v/v) and analyzed by GC-MS(EI) on a HP-5MS capillary column temperature programmed from 130°C to 330°C at 5°C/min.
CYP86B1 Overexpression Construct Design, Complementation, and Plant Transformation
Genomic DNA was prepared from Arabidopsis leaf tissue using a plant mini DNA kit according to the manufacturer's instructions (Qiagen). Genomic DNA sequences encoding the CYP86B1 gene (AT5G23190) were amplified by PCR using primers CYP86B1-cF and CYP86B1-cR (Supplemental Table S2 ). The PCR product was cloned as a BglII-SpeI fragment into binary vector pCAMBIA1302 (CAMBIA). The construct was named as 35S::CYP86B1. This construct and also the 35S::GPAT5 construct (Li et al., 2007b) were individually introduced into A. tumefaciens strain C58C1 for Arabidopsis vacuum infiltration (Bechtold et al., 1993 
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